The roles of oxygen and reactive oxygen intermediates in apoptosis are unclear at present. Although oxygen and reactive oxygen intermediates are not required for the execution of apoptosis, oxygen may be involved in at least some forms of apoptosis. In this study we show that dexamethasone (Dex)-induced apoptosis of immature mouse thymocytes is completely inhibited by hypoxic culture. In contrast, anti-CD95 thymocyte apoptosis is unaffected by hypoxia, indicating the existence of two forms of thymocyte apoptosis: an oxygen-dependent pathway (Dex induced) and an oxygen-independent pathway (anti-CD95 induced). Furthermore, hypoxia inhibited mitochondrial permeability transition (PT) in Dex-treated, but not in anti-CD95-treated, thymocytes, suggesting that the oxygen-sensitive step is upstream of mitochondria. Both Dex-and anti-CD95-induced PT and apoptosis were dependent on activation of IL-converting enzyme-like protease, as PT and apoptosis were inhibited by preincubation with Cbz-Val-AlaAsp-fluoromethyl ketone, an irreversible inhibitor of IL-converting enzyme-like proteases. In addition, hypoxia inhibited the activation by Dex of caspase-3 (CPP32)-like proteases. Our data show that the private signaling pathways of Dex (oxygen dependent) and anti-CD95 (oxygen independent) both converge upstream of mitochondrial changes. The oxygen-dependent step in Dex-induced apoptosis lies upstream of caspase-3-like protease activation. Our observations support a model of apoptosis signaling in which independent pathways (oxygen dependent and oxygen independent) particular to each stimuli converge at a central point in the apoptotic cascade.
A poptosis is a morphologically distinct form of cell death that is characterized by DNA condensation and fragmentation, early exposure of phosphatidylserine, and cell shrinkage (1, 2) . Although the morphologic appearance of apoptotic cells is well described, the signaling pathway or pathways leading to it are not yet fully understood. Recently, oxidative stress was proposed as a central mediator of apoptosis (3) . This hypothesis stemmed from several observations that linked oxidative stress to apoptosis. These observations include the induction of oxidative stress by apoptotic stimuli such as TNF-␣ (4, 5) and gamma and UV irradiation (6) ; apoptosis inhibition by antioxidants such as N-acetylcysteine (7, 8) , catalase (8) , spermine (9) , and 3,3,5,5-tetramethylpyrroline N-oxide (TMPO) 3 (10) ; and the direct induction of apoptosis by hydrogen peroxide (H 2 O 2 ) (11). However, this concept suffered a major setback when it was shown that oxygen was not required for the execution of some forms of apoptosis (12, 13) . This was concluded after observing that apoptosis induced by staurosporine, anti-CD95/Fas Abs or IL-3 withdrawal was not prevented by culture under very low oxygen conditions (0.002% O 2 ) (12) . More recently, however, and in contrast to these observations McLaughlin et al. showed that apoptosis after glucocorticoid, PMA/ionomycin, or staphylococcal enterotoxin B stimulation was inhibited in the absence of oxygen (14) , leading to the possibility that some forms of apoptosis are oxygen dependent. However the point at which oxygen may be acting within the apoptotic pathway is unknown.
Kroemer et al. have recently proposed a signaling model for apoptosis in which several private pathways (receptor ligation, DNA-damaging agents, ionizing radiation, etc.) converge in the mitochondria, inducing a permeability transition (PT) of its membrane and a drop in mitochondrial membrane potential (2) . This group has argued that this biochemical event could act as a central regulator of apoptosis, coordinating different death signals and their private pathways into one common effector pathway. Since redox can regulate PT (15) , it is possible that reactive oxygen species are involved in apoptosis by mediating PT (16) . However, the importance of mitochondrial PT has been challenged by recent findings that release of cytochrome c from the mitochondria, a step that seems to be required for the activation of the IL-converting enzyme (ICE) protease cascade, can occur without a drop in the mitochondrial membrane potential (17, 18) , proving that death can occur without PT. These observations have raised doubts about the significance of this biochemical event. However, if PT is important for apoptosis, determining PT in oxygen-dependent and -independent apoptosis may reveal the existence of early distinct O 2 -regulated pathways that are particular to stimuli that induce O 2 -dependent apoptosis.
In this paper we show that in immature mouse thymocytes glucocorticoid-induced cell death is inhibited under hypoxic conditions. In contrast, anti-CD95-induced apoptosis of thymocytes is not prevented under low oxygen conditions, indicating that thymocytes can respond to some apoptotic stimuli in hypoxia and that oxygen is not required for the execution of the final apoptotic program. Furthermore, we show that both glucocorticoid induced mitochondrial PT and caspase-3-like protease activation were inhibited under low oxygen conditions, suggesting that the oxygendependent step is upstream of these events. Rotenone, an inhibitor of mitochondrial complex I, and TMPO, a nitrone spin trap, both inhibited apoptosis and PT in glucocorticoid-treated thymocytes, suggesting that inhibition of oxidant generation is the mechanism for the inhibitory effect of hypoxia. Finally, activation of the caspase protease cascade is required for both glucocorticoid and anti-CD95 apoptotic pathways, since all evidence of apoptosis, including mitochondrial alterations, is prevented by ICE-like protease inhibitors. These findings taken together indicate that during glucocorticoid-induced apoptosis both the induction of mitochondrial PT and caspase-3-like protease activation occur after the oxygen-dependent step. Our findings clearly show that some apoptotic stimuli induce O 2 -dependent apoptosis and that this O 2 requirement is an early event in the apoptosis signaling cascade.
Materials and Methods

Reagents
Dexamethasone (Dex), rotenone, TMPO, desferioxamine, malonate, nordihydroguaiaretic acid (NDGA), and indomethacin were all purchased from Sigma (St. Louis, MO). N G -monomethyl-L-arginine (NMMA) was obtained from Calbiochem (La Jolla, CA). Hoechst 33342 and 3,3Ј-dihexyloxacarbocyanine iodide (DiOC 6 3) were purchased from Molecular Probes (Eugene, OR). Annexin V was a gift from Jonathan Tait (University of Washington, Seattle, WA). Anti-CD95 mAbs and (N-acetyl)-DEVD-7 amino-4-methylcoumarin (Ac-DEVD-AMC) were obtained from PharMingen (San Diego, CA). RPMI 1640 (Life Technologies, Gaithersburg, MD) and FCS (Life Technologies) contained Ͻ0.03 and 0.3 endotoxin units/ml endotoxin, respectively.
Culture conditions
Thymocytes obtained from male BALB/CN mice (4 -6 wk old) were washed once in RPMI 1640 medium, passed through a nylon mesh, and resuspended in complete medium (RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 20 mM HEPES, and 10 U/ml penicillin/streptomycin). Thymocytes were cultured at 10 6 /ml in 24-well plates for either 2 or 5 h at 37°C in aerobic (20% O 2 and 5% CO 2 ) or hypoxic conditions (90.0% N 2 , 5% CO 2 , and 5% H 2 ) in the presence or the absence of Dex (1 M)-and anti-CD95 Ab-coated latex beads or isotype control Ab-coated beads. Latex beads (Interfacial Dynamics, Portland, OR; 10 7 /ml) were coated with anti-CD95 or isotype control mAb (PharMingen) at 5 g/ml in PBS for 2 h at 37°C. Coated beads were washed twice with PBS, resuspended in complete medium, and incubated for 30 min at 37°C. Beads were centrifuged and resuspended in complete medium. Coated beads were mixed with thymocytes at a 1:1 ratio. For protein synthesis inhibition experiments thymocytes were preincubated with 1 or 10 g/ml cycloheximide (Sigma) for 2 h before the addition of Dex-or anti-CD95-coated beads.
Hypoxic cultures were performed in an integrated hypoxic hood and incubator (Bactron Anaerobic Chambers, Sheldon Mfg., Cornelius, OR) in an atmosphere of 90% N 2 , 5% CO 2 , and 5% H 2 . Oxygen levels were constantly monitored with an oxygen sensor (Cole Palmer, Chicago, IL). Oxygen was maintained below 0.02% for all experiments. Before introducing any reagents into the hypoxic hood, they were deoxygenated at least six times by extracting air and exchanging it with a mixture of 90% N 2 , 5% CO 2 , and 5% H 2 in a pressurized pass chamber. Complete culture medium and 24-well polystyrene plates were allowed to equilibrate in the hypoxic hood for at least 24 h before experiments. Thymocytes were pelleted, introduced in the hypoxic hood, and resuspended in the hypoxic medium.
To inhibit superoxide generation thymocytes were treated with rotenone (500 nM), an inhibitor of mitochondrial respiratory complex I. At the same time thymocytes were treated with either Dex-or anti-CD95-coated latex beads or were left untreated. TMPO, a nitrone-based spin trap (10) , was used at 40 mM. Malonate (5 mM), an inhibitor of mitochondrial respiratory complex II, was used as an inhibitor of oxidative metabolism. NDGA, an inhibitor of lipoxygenase, was used at 50 M. Indomethacin, an inhibitor of cyclo-oxygenase, was tested at 100 M. NMMA, an inhibitor of NO synthase, was used at 100 M. The above reagents were titrated at the following concentrations: TMPO, 1, 10, 20, 40, and 100 mM; malonate, 5 and 10 mM; NDGA, 10, 30, 50, 100, 250, and 500 M; indomethacin, 10, 50, 100, and 200 M; and NMMA, 10, 50, 100, and 200 M. The above reagents were used in the apoptosis inhibition experiments at the highest concentration that did not enhance spontaneous thymocyte death.
To inhibit ICE-like proteases, thymocytes were preincubated for 4 h with either 50 M Cbz-Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk; Enzyme Systems Products, Dublin, CA), an irreversible inhibitor of ICElike proteases; 50 M Cbz-Phe-Ala-fluoromethyl ketone (z-FA-fmk; Enzyme Systems Products, Dublin, CA), a dipeptide, as a negative control; or medium alone before treatment with Dex-, anti-CD95 Ab-, or isotype control Ab-coated beads. Thymocytes were cultured for either 2 or 5 h after preincubation at 37°C in aerobic conditions.
Quantitation of death, mitochondrial permeability, and surface staining
Thymocytes were harvested and resuspended in staining medium (biotin/ phenol red-deficient RPMI 1640, 3% FCS, and 0.05% NaN 3 ). Death was quantified by staining with either 1 g/ml Hoechst 33342 (19) or 25 nM annexin V-FITC in staining medium for 20 min on ice. Mitochondrial PT was assessed by measuring mitochondrial transmembrane potential (⌬⌿ m ). Thymocyte ⌬⌿ m was measured using 80 nM DiOC 6 3 for 15 min at 37°C (20, 21) . In some experiments thymocytes were also stained with surface markers anti-CD4-PE (PharMingen) and anti-CD8-Cy5-PE (PharMingen) for 20 min on ice. Cells were washed three times and immediately analyzed in a FACStar Cell Sorter (Becton Dickinson, Mountain View, CA) at the Stanford Shared FACS Facility. Data analysis was performed using Desk software (22) . Cell counting was performed using a Coulter counter 
DNA extraction and gel electrophoresis
Thymocytes (1.5 ϫ 10 6 ) were washed once and resuspended in lysis buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.5% sarcosyl, and 0.5 mg/ml of proteinase K) and incubated for 1 h at 50°C. After addition of 5 g of RNase, each sample was incubated for another hour at 50°C. DNA was electrophoresed in a 0.75% agarose gel at 100 V for 1 h. Gel was stained with ethidium bromide and visualized under UV light.
RNA isolation and RT-PCR
Total RNA was extracted using TRIzol reagent (Life Technologies, Gaithersburg, MD) as recommended by the manufacturer. Briefly, after 3-h treatment with Dex, thymocytes (3 ϫ 10 7 cells) were harvested and resuspended in 3 ml of TRIzol and incubated for 5 min at room temperature. After adding 0.6 ml of chloroform, samples were centrifuged at 12,000 ϫ g for 15 min at 4°C. The aqueous phase was recovered, and RNA was precipitated with isopropanol (0.5 ml/1 ml of TRIzol used). The RNA pellet was washed with ice-cold 70% ethanol once and resuspended in diethylpyrocarbonate-treated water (23) . First-strand cDNA synthesis was performed using the Life Technologies Superscript first strand synthesis system. In brief, 1 g of RNA was incubated with 200 ng of random hexamer primers in the presence of 500 nM dNTP, 1.25 mM MgCl 2 , 10 mM DTT, 40 U of RNaseOUT (Life Technologies) recombinant ribonuclease inhibitor, and 50 U of Superscript II RT in 1ϫ RT buffer (20 mM Tris-HCl (pH 8.4) and 50 mM KCl). Reactions were incubated at 25°C for 10 min, then at 42°C for 50 min, and were terminated at 70°C for 15 min. PCR was performed on 2 l of cDNA in 1ϫ PCR buffer (20 mM Tris-HCl (pH 8.4) and 50 mM KCl), 200 M dNTP, 2 mM MgCl 2 , 1 M of each primer, and 1 U of Taq DNA polymerase (Life Technologies). The final volume was 25 l. Samples were denatured at 94°C for 1 min and then were incubated at 94°C for 40 s, at 61°C for 40 s, and at 72°C for 40 s for 22 cycles (GILZ) or 16 cycles (␤-actin). Primer pairs used for GILZ were 5Ј-GAA CAC CGA AAT GTA TCA GAC-3Ј and 5Ј-GGG GCT TGC CAG CGT CTT CAG-3Ј (expected PCR product, 309 bases); those used for ␤-actin were 5Ј-TGG GTC AGA AGG ACT CCT ATG-3Ј and 5Ј-ACC AGA CAG CAC TGT GTT GGC-3Ј (expected PCR product, 765 bases). PCR products were electrophoresed at 75 V for 1 h in a 1% agarose gel in TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) buffer. Gels were stained with ethidium bromide and then visualized and quantitated under UV using the Gel Doc 2000 system (Bio-Rad, Hercules, CA).
Caspase-3-like protease activation
Caspase-3-like protease activation following Dex treatment was measured in thymocytes cultured under normal or hypoxic conditions. Caspase-3-like protease activation was measured in cellular extracts with a protease assay that uses Ac-DEVD-AMC (PharMingen) as a substrate (24) . Briefly, 2 ϫ 10 6 cells were lysed in cell lysis buffer (10 mM HEPES/KOH (pH 7.4), 2 mM EDTA, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 5 mM DTT, 1 mM PMSF, 10 g/ml pepstatin A, 20 g/ml leupeptin, and 10 g/ml aprotinin). Cell extracts were then centrifuged at 14,000 rpm for 10 min, supernatants were transferred to new tubes, and protein concentration was measured by the Bradford assay (Bio-Rad). The protease assay was performed in a 96-well plate (Maxisorb, Nunc, Copenhagen, Denmark). Thirty microliters of protein extract was assayed in 200 l of protease assay buffer: 20 M Ac-DEVD-AMC, 20 mM HEPES (pH 7.5), 10% glycerol, and 2 mM DTT. Plates were incubated at 37°C for 0.5, 1, 1.5, 2, and 2.5 h and then read at 460 nm with a Victor multicolor reader (Wallac, Turku, Finland).
Results
Hypoxia inhibits Dex-induced, but not anti-CD95-induced, apoptosis of immature mouse thymocytes
To determine whether redox chemistry played a role in Dex-induced apoptosis in immature mouse thymocytes, we treated freshly isolated thymocytes with Dex under both aerobic (20% O 2 ) and anaerobic (Ͻ0.02% O 2 ) conditions. As shown in Fig. 1A , Dex, a synthetic glucocorticoid, was an efficient inducer of apoptosis. At 5 h, 47.1 Ϯ 2.9% (mean Ϯ SE of three independent experiments; n ϭ 3) of thymocytes had undergone apoptosis after treatment with Dex in aerobic conditions. However, Dex was unable to signal apoptosis in the absence of oxygen (28.3 Ϯ 2.9% apoptosis in untreated vs 28.4 Ϯ 2.7% in Dex-treated cultures; n ϭ 3). Hypoxia also inhibited DNA fragmentation induced by Dex treatment (Fig.  1B) and enhanced the survival of thymocytes in Dex-treated cultures (data not shown). Following 5-h culture, absolute cell numbers did not differ between untreated and Dex-or anti-CD95-treated cultures (data not shown). Hypoxia increased the spontaneous death of thymocytes in 5-h cultures (28.3 Ϯ 2.9% spontaneous apoptosis in hypoxia vs 18.3 Ϯ 3.0% spontaneous apoptosis in aerobic cultures; n ϭ 3; Fig. 1A ). In contrast to Dex, anti-CD95-induced apoptosis of thymocytes was unaffected by hypoxic culture. Anti-CD95 was capable of inducing death in both aerobic (40.6 Ϯ 5.5% anti-CD95 treated vs 23.9 Ϯ 0.4% isotype control treated; n ϭ 3) and hypoxic conditions (54.1 Ϯ 8.5% anti-CD95 treated vs 30.8 Ϯ 2.1% isotype control treated; n ϭ 3; data not shown and Fig. 2 ). Hypoxia-induced spontaneous thymocyte death did not exhibit DNA fragmentation (data not shown). Apoptosis measured using annexin V staining and flow cytometry showed similar results (data not shown). Inhibition of protein synthesis by cycloheximide resulted in inhibition of Dex-induced apoptosis and enhanced CD95-induced apoptosis of thymocytes (Fig.  3) . Therefore, the inhibition of Dex-induced apoptosis under hypoxic conditions was not the result of a hypoxia-mediated general inhibition of protein synthesis, as Fas-induced thymocyte apoptosis was not enhanced under hypoxia. Therefore, thymocytes are capable of responding to some apoptotic stimuli under low oxygen conditions, confirming that oxygen is not required for the execution of apoptosis in thymocytes.
It was possible that the protection rendered by hypoxia in Dextreated thymocytes was due to an inhibition of glucocorticoid signaling rather than the apoptotic cascade. Therefore, to approach this question, we studied the transcription of GILZ, a gene in mouse thymocytes that is significantly up-regulated by glucocorticoids (25) . Using RT-PCR, we found that Dex treatment for 3 h induces the up-regulation of GILZ approximately 3-to 4-fold, and that the level of GILZ up-regulation by Dex was similar in aerobic and hypoxic cultures, thus confirming that glucocorticoids can signal under hypoxia (Fig. 4) .
The above findings show that Dex is unable to induce apoptosis under hypoxia, suggesting at least two forms of apoptosis: an oxygen-dependent pathway (Dex-induced death) and an oxygen-independent pathway (anti-CD95-induced apoptosis).
Hypoxia inhibits mitochondrial permeability transition in Dexinduced apoptosis, but not in anti-CD95-induced apoptosis
Mitochondria have been proposed to play a central role in the regulation of apoptosis by coordinating different apoptotic signals into one common effector pathway. The mitochondrial PT has been proposed as the biochemical event indicating mitochondrial involvement in apoptosis (2) . Although disruption of mitochondrial membrane potential (⌬⌿ m ) is an indirect correlate of apoptosis, its central role in apoptosis and its early kinetics (26) permit study of the temporal sequence of early events during apoptosis signaling. We examined the effect of aerobic and hypoxic conditions on PT. Fig. 2 shows PT in both Dex-and anti-CD95-induced apoptosis. After 2 h of aerobic culture 23.1 Ϯ 1.1% of DEXtreated cells and 47.9 Ϯ 5.5% of anti-CD95-treated cells (n ϭ 3) had decreased retention of DiOC 6 3, indicating loss of their mitochondrial membrane potential (⌬⌿ m ) in aerobic conditions. In contrast, only 11.2 Ϯ 1.8% of cells in untreated cultures had decreased DiOC 6 3 retention. In both forms of apoptosis, thymocytes underwent PT before demonstrating other changes associated with apoptosis, including exposure of phosphatidylserine (measured by annexin V), DNA condensation and plasma membrane integrity loss (measured by Hoechst 33432 and 7-actinomycin D), drop in reduced glutathione (measured by monochlorobimane), and scatter changes (drop in forward scatter and increase in side scatter; data not shown). Previous work suggested that superoxide anion generation occurred after the permeability transition (27) , raising the possibility that the protection rendered by hypoxia occurred after the mitochondrial changes had occurred. To test this possibility, retention of DiOC 6 3, was measured after DEX and anti-CD95 treatment in aerobic and hypoxic culture conditions. Culture in hypoxia completely inhibited permeability transition in Dextreated cells while not affecting anti-CD95-treated thymocytes (Fig. 2) . After 2 h of culture, 23.2 Ϯ 1.1% of Dex-treated cells in aerobic conditions had decreased retention of DiOC 6 3 (background in aerobic cultures, 11.8 Ϯ 1.8%; n ϭ 3), while only 4.3 Ϯ 0.8% of Dex-treated cells in hypoxia had undergone PT (background level in hypoxia, 4.3 Ϯ 0.5%), suggesting that the hypoxic checkpoint was upstream of the mitochondrial changes. PT induced by anti-CD95 treatment was unaffected by low oxygen conditions, as similar proportions of cells underwent PT after anti-CD95 stimulation under aerobic and hypoxic conditions (47.9 Ϯ 5.5 vs 46.1 Ϯ 11.5%, respectively; Fig. 2 ).
Rotenone, a complex I mitochondrial inhibitor, and TMPO, a nitrone spin trap, inhibit Dex-induced, but not anti-CD95-induced, PT and apoptosis
Since not only oxidant generation but also oxidative metabolism are inhibited in the absence of oxygen (28), it was possible that FIGURE 2. Hypoxia inhibits mitochondrial PT and apoptosis in Dex-treated, but not anti-CD95-treated, thymocytes. Thymocytes either unstimulated (a and e) or stimulated with Dex (b and f), anti-CD95-coated latex beads (c and g), or isotype-coated beads (d and h) were cultured for 2 h at 37°C in either aerobic (a-d) or hypoxic (e-h) conditions. Mitochondrial PT was measured by staining DiOC 6 hypoxia was exerting its effect by inhibiting metabolism. To examine this possibility we tested the effects of several inhibitors of the mitochondrial respiratory chain and their effects on Dex-induced apoptosis in aerobic conditions. Rotenone, an inhibitor of complex I of the mitochondrial respiratory chain, partially inhibited Dex-induced apoptosis after 5 h of culture (53.4 Ϯ 3.1% Dex treated vs 21.7 Ϯ 2.0% Dex plus rotenone treated; Table I ), while not affecting anti-CD95-induced apoptosis (data not shown). However, malonate, a complex II inhibitor, did not block Dex-induced apoptosis after 5 h of culture (Table I ). These observations suggested that rotenone's effect was due to the inhibition of oxidant generation at mitochondrial complex I, rather than to a general inhibition of metabolism. To further explore this possibility we examined the effect of TMPO, a nitrone spin trap, in Dex-induced apoptosis. After 5 h of culture, TMPO partially inhibited Dexinduced apoptosis (61.8 Ϯ 0.7% apoptosis in Dex-treated thymocytes vs 22.3 Ϯ 1.2% apoptosis in Dex-plus TMPO-treated cultures; n ϭ 3; Table I ), suggesting that oxidant generation was required for Dex-induced death. Since the production of mitochondrial oxidants might be involved in Dex-induced apoptosis of thymocytes, we explored whether some of the other intracytoplasmic oxidant production sites were involved. After 5 h of culture, inhibitors of lipoxygenase (NDGA), cyclo-oxygenase (indomethacin), and NO synthase (NMMA) did not block Dex-induced apoptosis, suggesting that the required oxidants are produced by mitochondria (Table I ). In addition, desferioxamine, an iron chelator, did not block Dex-induced apoptosis (data not shown).
To explore whether the rotenone and TMPO effects were kinetically situated at the same level as hypoxia, we tested the effects of these inhibitors on mitochondrial PT after 2 h of culture. Rotenone completely inhibited PT in Dex-treated thymocytes after 2 h of culture (22.5 Ϯ 0.5% Dex treated vs 7.2 Ϯ 0.8% rotenone plus Dex treated; n ϭ 3; Fig. 5 ). As with hypoxia, rotenone decreased the spontaneous background from 9.5 Ϯ 0.5 to 5.4 Ϯ 0.6% of cells. TMPO also inhibited Dex-induced PT (22.6 Ϯ 0.5 vs 12.5 Ϯ 3.4% for Dex alone and Dex plus TMPO, respectively; Fig. 5 ), suggesting inhibition of oxidants rather than lack of oxidative metabolism as the explanation for the protective effect of hypoxia on both Dex-induced apoptosis and PT. Neither rotenone nor TMPO inhibited anti-CD95-induced PT or apoptosis (data not shown). Taken together, these data suggest that the inhibitory effect of hypoxia is due to the inhibition of mitochondrial oxidant generation.
Inhibition of ICE-like proteases blocks PT and apoptosis in both DEX-and anti-CD95-treated thymocytes
To determine whether anti-CD95-induced and Dex-induced PT were regulated by ICE protease activation, we preincubated thymocytes for 4 h in the presence of z-VAD-fmk, an irreversible inhibitor of ICE-like proteases; medium alone; or z-FA-fmk, a dipeptide negative control. Two hours after adding the apoptotic stimuli, Dex and anti-CD95 treatments induced mitochondrial PT in 18.0 Ϯ 2.2 and 48.6 Ϯ 6.3%, respectively (background, 6.3 Ϯ 0.7%), of thymocytes pretreated in culture medium alone (Fig. 6) . At this time point there was no difference in the amount of dead cells (19.1 Ϯ 3.4% in medium alone, 21.3 Ϯ 5.2% in Dex treated, and 22.1 Ϯ 3.6% in anti-CD95 treated). In contrast, Dex-and anti-CD95-induced PT was inhibited in z-VAD-fmk-pretreated thymocytes; 9.6 Ϯ 1.6 and 14.5 Ϯ 7.5% of z-VAD-fmk-pretreated thymocytes stimulated for 2 h with Dex and anti-CD95, respectively, had undergone PT, indicating that mitochondrial changes were ICE dependent and downstream of ICE-like protease activation (Fig. 6 ). The inhibition was specific, as the thymocytes pretreated with z-FA-fmk showed no inhibition of Dex-and anti-CD95-induced PT. z-VAD-fmk pretreatment also inhibited apoptosis and DNA fragmentation in both Dex-and anti-CD95-treated thymocytes after 5 h of culture (data not shown and Fig. 7 ). These findings suggest that ICE-like proteases are involved in the Dex-and anti-CD95-induced apoptotic cascade upstream of the mitochondria. To further explore whether the effect of hypoxia was upstream of caspase activation, we measured caspase-3-like activity in protein extracts prepared from Dex-treated thymocytes under aerobic and hypoxic conditions. Caspase-3-like activity was completely inhibited by hypoxia in both 2-and 5-h Dex-treated thymocytes (Fig. 8) . Untreated thymocytes showed no caspase-3-like activity under either aerobic or hypoxic cultures.
Discussion
In this study we have provided evidence for the existence of an early oxygen-sensitive pathway in the induction of Dex-induced apoptosis in immature mouse thymocytes. We showed that Dextreated thymocytes cultured in hypoxic conditions do not undergo typical apoptotic changes such as early mitochondrial permeability transition, phosphatidylserine surface exposure, cell shrinkage, DNA condensation, and fragmentation. This effect was not due to the cell's inability to respond to apoptotic stimuli in hypoxia, as anti-CD95-induced thymocyte apoptosis was unaffected by hypoxia, or to inhibition of the glucocorticoid signaling pathway, as the up-regulation of transcription of GILZ, a glucocorticoid-regulated gene, was not inhibited. Our observations suggest that inhibition of oxidant generation might be responsible for the inhibitory FIGURE 6. z-VAD-fmk, an irreversible inhibitor of ICE-like proteases, blocks PT in both Dex-and anti-CD95-induced apoptosis. Thymocytes were preincubated for 4 h at 37°C in aerobic conditions in medium alone (a-c), 50 M z-VAD-fmk (d-f) , or z-FA-fmk, a dipeptide negative control (g-i). After preincubation, cells were either left unstimulated (a, d, and g) or were stimulated with 1 M Dex (b, e, and h) or anti-CD95-coated latex beads (c, f, and i) for 2 h at 37°C under aerobic conditions. Mitochondrial PT was measured using DiOC 6 effect of hypoxia, since rotenone, an inhibitor of mitochondrial complex I that blocks the production of O 2 Ϫ , and TMPO, a nitrone spin trap that can neutralize O 2 Ϫ , both blocked Dex-induced apoptosis. Since O 2 Ϫ can lead through Fenton chemistry to the production of hydroxyl radicals ( ⅐ OH) in the presence of iron, it was possible that ⅐ OH and not O 2 Ϫ was involved in glucocorticoidinduced apoptosis. However, we excluded this possibility by showing that iron chelators did not affect Dex-induced apoptosis.
The above findings show that O 2 Ϫ generated at the mitochondria is involved in Dex-induced apoptosis. The production of such O 2 Ϫ at the mitochondria could be important in opening redoxsensitive mitochondrial pores by directly oxidizing glutathione (15, 16) . The opening of these pores could lead to mitochondrial PT and the release of cytochrome c and/or apoptosis-inducing factor from mitochondria into the cytoplasm, two mitochondrial proteins that have been implicated in apoptosis (17, 18, 29, 30) . However, such a direct induction of PT by O 2 Ϫ during Dex-induced apoptosis would not be consistent with our observations. ICE inhibitors blocked PT and apoptosis in both Dex-and anti-CD95-treated thymocytes, showing that ICE activation precedes PT. Since caspase-3-like protease activity was inhibited by hypoxia, it is possible that the O 2 -dependent step during Dex-induced apoptosis lies upstream of caspase activation in general. Caspase-3-like activity is observed within 90 min of Dex treatment of thymocytes (31) , and this is in agreement with our findings. Although these findings suggest that caspase-3 activity is an early event, the exact temporal relationship between caspase-3-like protease activation and mitochondrial PT during Dex-induced thymocyte apoptosis has not yet been established. Therefore, our data support a role for O 2 in the Dex signaling cascade, which is independent of mitochondrial PT and may be placed at a level before both PT and caspase-3-like protease activation.
Our observations can be explained in the model proposed by Kroemer et al. in which several private pathways converge at a central effector pathway (2) . The two independent pathways distinguished by hypoxic culture (oxygen dependent and oxygen independent) could represent the private pathways of Dex (oxygen dependent) and Fas (oxygen independent), respectively. The dependence of both these pathways on activation of the ICE proteolytic cascade suggests that they converge at this point. Our data show that this activation of ICE-like proteases is upstream of mitochondrial PT for both Dex-and Fas-induced apoptosis, since mitochondrial PT can be inhibited by z-VAD-fmk in both. Recently, it was shown that activation of ICE family proteases during Fas-and ceramide-induced apoptosis occurs both upstream and downstream of mitochondrial PT (24) . These complex interactions most likely will also be the case for Dex-induced apoptosis. Our data, however, show that the oxygen-dependent step in Dex-induced apoptosis is upstream of PT and caspase-3-like protease activation. At present we cannot exclude that other members of the caspase family may be acting upstream of this O 2 -dependent step; our data, however, clearly show that this step is at least upstream of caspase-3-like proteases and raises the possibility the O 2 -dependent step is upstream of caspase activation in general. There is evidence that Dex-induced apoptosis is not the only oxygen-dependent pathway. McLaughlin et al. reported that superantigenand PMA/ionomycin-induced apoptosis are both inhibited in low oxygen conditions (14) . In preliminary experiments we also found that activation-induced cell death of human PBMC is inhibited in hypoxia (J. F. Torres-Roca, D. R. Greenwald, and P. D. Katsikis, unpublished observations). These observations should explain why antioxidants can affect some, but not all, forms of apoptosis. Oxygen, therefore, is required by some stimuli in the early signaling events before ICE activation, but it is clearly not required for the effector phase of apoptosis.
We found that hypoxia induced spontaneous thymocyte death in 5-h cultures. This raises the question of whether hypoxia alone can induce apoptosis in thymocytes. The nature of this hypoxic death is not clear at present; however, it does not appear to be apoptotic, as no DNA fragmentation or caspase-3-like activity was observed in these cells. Whether this death is necrosis induced by hypoxia or an effect of reoxygenation during harvesting of these cells remains to be determined. In addition, the spontaneous thymocyte death induced by hypoxia may be interfering with Dex-induced apoptosis under hypoxia. Our data suggest that this is not the case, since 2-h hypoxia alone induced no mitochondrial PT, while mitochondrial PT induced by 2-h Dex treatment was completely inhibited by hypoxia. Furthermore, Fas-induced apoptosis still proceeded in the presence of hypoxic death. These observations, we believe, make it unlikely that the hypoxia-induced spontaneous death interferes with Dex-induced apoptosis under hypoxia. However, we cannot exclude at present that a stress or adaptive response to hypoxia of thymocytes undergoing a slow nonapoptotic death may be playing a role in the inhibition of Dex-induced, but not CD95-induced, apoptosis. Spontaneous thymocyte death under aerobic conditions, on the other hand, exhibited DNA fragmentation and could be inhibited with the ICE inhibitor z-VAD-fmk, suggesting that it is apoptotic in nature. It should be noted, however, that caspase-3-like activity could not be demonstrated in these cells.
Hypoxia may be inhibiting Dex-induced apoptosis by inhibiting protein synthesis or even inducing anti-apoptotic proteins, such as Bcl-2, and thus inhibiting Dex-induced apoptosis by an indirect mechanism. Recent studies have indicated that protein synthesis inhibition in neurons can up-regulate Bcl-2 and antioxidant pathways, resulting in protection from oxidative insults (32) . For such a neuroprotective effect to occur, however, cells had to be preincubated with protein synthesis inhibitors. It is unlikely that protein synthesis is inhibited substantially in our 5-h experiments, since CD95-induced thymocyte apoptosis is not enhanced in hypoxia, and we have shown here that cycloheximide treatment of thymocytes enhances CD95-induced apoptosis significantly. The possibility still remains, however, that hypoxia inhibits protein synthesis specifically in Dex-treated thymocytes, but not in CD95-treated cells. Whether hypoxia up-regulates Bcl-2 is not known at present, but such Bcl-2 upregulation would inhibit Dex-induced, but not Fas-induced, thymocyte apoptosis (33, 34) and would be consistent with our findings. Although we cannot exclude such a mechanism being involved in the inhibitory effect of hypoxia on Dex-induced apoptosis, our findings, showing inhibition of Dex-induced mitochondrial PT at 2 h, would require that Bcl-2 up-regulation occurs by 2 h of hypoxia. Given that in our experiments Dex is added immediately after thymocytes are placed in hypoxia, such an up-regulation of Bcl-2 must be very rapid.
Cytochrome c release from the mitochondria and ATP are both required for the formation of the Apaf-1/caspase 9 complex, which, in turn, initiates a caspase cascade during apoptosis (35) . This is particularly important for our studies, as Apaf-1 and caspase 9 are both required for Dex-induced, but not CD95-induced, thymocyte apoptosis (36 -38) . Furthermore, ATP depletion inhibits Dex-induced thymocyte apoptosis, but does not affect CD95-induced apoptosis of the Jurkat T cell line and hepatocytes (39 -41) . In our studies hypoxia inhibited Dex-induced, but not CD95/Fas-induced, apoptosis, suggesting that hypoxia may be acting by affecting the Apaf-1/capase 9 complex formation. The ATP requirement for Apaf-1/caspase 9 complex formation raises the possibility that a reduction of ATP levels during hypoxia may be responsible for the inhibition of Dex-induced thymocyte apoptosis.
The kinetics of hypoxia-induced ATP reduction in resting thymocytes are, however, not known. Chemical anoxia of rat thymocytes induced by oligomycin or antimycin A treatment reduces ATP levels by about 70 -80% within 2 h (39). Similar results have been shown for rat fibroblasts treated with antimycin A (42) . In hypoxia-exposed human embryonic kidney cells, on the other hand, ATP levels are not reduced before 12 h (43). Our studies show that hypoxia inhibits ⌬⌿ m by 2 h and apoptosis by 5 h. Rotenone reduces ATP levels in rat thymocytes rapidly within 2 h, and our data that show that rotenone inhibits Dex-induced apoptosis could be interpreted by the effect rotenone has on ATP levels. Taken together, the above could make a case for hypoxia's inhibitory effect on Dex-induced apoptosis being attributed to ATP depletion under hypoxia. Our observations, however, showing that TMPO, an electron spin trap, inhibits Dex-induced apoptosis argue against this. We cannot, however, at present exclude that hypoxia's inhibitory effect on thymocyte apoptosis is mediated through a drop in the level of ATP that limits formation of the Apaf-1/caspase 9 complex.
Finally, hypoxia may be affecting Dex-induced apoptosis by inducing intracellular acidification. The role of intracellular pH in apoptosis is unclear at present, with data suggesting that both acidification and alkalinization promote apoptosis (44, 45) . Caspase activation by cytochrome c is maximal in acidic cytoplasmic pH (45) . Since Dex-induced apoptosis is dependent on Apaf-1/cytochrome c (36 -38) , and hypoxia induces a rapid drop in pH, hypoxia should enhance Dex-induced apoptosis and not inhibit it as we observed. Alkalinization, on the other hand, has been reported to enhance apoptosis by inducing conformational changes and the translocation of Bax to the mitochondria (44) . Acidification can inhibit this translocation of Bax and apoptosis (44) . Since thymocytes undergo cytosolic alkalinization during glucocorticoid-induced apoptosis (46, 47) , hypoxia may be inhibiting Dex-induced apoptosis by counteracting this alkalinization. Although this could be a plausible explanation for how hypoxia inhibits Dex-induced apoptosis, it is irreconcilable with the fact that Bax is not required for glucocorticoid-induced thymocyte apoptosis (48) . Further studies examining cytosolic pH changes induced by hypoxia and their role in Dex-induced apoptosis are required to address these questions.
O 2 -dependent apoptosis could play an important role in human disease. Ischemia reperfusion injury has been proposed as a major mechanism of cellular injury in myocardial postischemic injury (6, 49, 50) . In addition, O 2 -dependent apoptosis may be involved in tumor development (51) and neurological degenerative disorders such as amyotropic lateral sclerosis (52, 53) . Elucidating the O 2 -dependent signaling of apoptosis may prove useful in understanding the pathophysiology of these conditions and designing novel therapeutics. Finally, O 2 -dependent apoptosis may be important during thymocyte development, since glucocorticoids may be involved in the elimination of unselected thymocytes in the thymus (54) . Recent studies have shown that glucocorticoids set the threshold for thymocyte selection and that diminished glucocorticoid signaling in the thymus results in holes in the peripheral T cells repertoire (55, 56) . This raises the possibility that hypoxia, which inhibits at least part of the outcome of Dex signaling, i.e., apoptosis, may also interfere with the antagonizing effect glucocorticoids have on TCR-mediated signaling and thus also affect thymic selection. These observation raise intriguing questions of how hypoxia and O 2 Ϫ generation affect the immune system. In conclusion, we have presented evidence for the existence of two independent apoptosis pathways that are distinguished by hypoxic culture (oxygen dependent and oxygen independent). The events affected by hypoxia in Dex-treated thymocytes are upstream of mitochondrial PT, the earliest evidence of thymocyte irreversible death. Both Dex and anti-CD95 apoptosis were dependent on the activation of ICE-like proteases, suggesting that these independent pathways converge at this point. Hypoxia also inhibited caspase-3-like protease activity in Dex-treated thymocytes, suggesting that the events regulated by hypoxia are upstream of the caspase-3-like proteases. Further studies should concentrate on identifying the biochemical events sensitive to hypoxia during O 2 -dependent signaling of apoptosis.
